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Abstract 

Neutrino-electron scattering can be used to probe neutrino electromag- 
^ • netic properties at low-threshold underground detectors with good angular 

^ and recoil electron energy resolution. We propose to do this using a number of 

artificial neutrino and anti-neutrino sources such as ^^Cr24 and ^^Sr — Y. The 
neutrino flux is known to within one percent, in contrast to the reactor case 
and one can reach lower neutrino energies. For the ^^Sr—Y source we estimate 
that the signal expected for a neutrino magnetic moment of /x^/ = 6 x 10~^^^b 
will be comparable to that expected in the SM and corresponds to a 30% 
enhancement in the total number of expected events. 
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1 Introduction 

Low-energy-threshold underground detectors with good angular and recoil electron 
energy resolution open a new window to probe the structure of the weak interaction 
and neutrino electromagnetic properties [^ as a good alternative to what can be 
learned at reactor and accelerator experiments [0, |^ . We propose to do this using a 
number of artificial neutrino and anti-neutrino sources such as ^^Cr2A and ^^Sr — Y. 
The neutrino flux is known to within a one percent accuracy, in contrast to the 
reactor case and one can reach lower neutrino energies. 

Non-standard neutrino properties have been studied for several years, partly 
motivated by the solar neutrino problem. A possible explanation of this problem 
is related to a large neutrino magnetic moment [Q. Present constraints for the 
electron neutrino magnetic moment coming from reactor experiments gives fii, = 
1.8 X 10~^°/iB 0. The improvement of this bound in a new reactor experiment is 
the goal of the MUNU [§] experiment, now running. 

The idea of using an artificial neutrino source (ANS) to search for a neutrino 
magnetic moment was first put forward by Vogel and Engel in Ref. HI]. This kind of 
sources have already been used to calibrate both GALLEX and SAGE experiments 
and, recently, this idea has been considered by several experimental groups work- 
ing in underground physics. The ANS have as an advantage that the uncertainties 
in the neutrino flux intensity are lower than in the case of reactor neutrinos and 
they have a small size, which makes them suitable for a deep underground experi- 
ment; they could be even surrounded by the detector as is the plan for the LAMA 
collaboration [^ that has as a goal the use of a ^^^ Pm anti-neutrino source with a 
one ton Nal detector in order to test for a neutrino magnetic moment in the region 
lO^^^fiB < f^u < lO^^^^B- The BOREXINO collaboration has also the possibility 
of searching for a neutrino magnetic moment in such a region using an ANS located 
at a distance of the order of 10 m [|, • 



Here analyse the potential of these sources in testing the neutrino magnetic 
moment in a detector with both angular and recoil electron energy resolution. Such 
a study could be interesting for a detector like that in the HELLAZ proposal |TT 



that is planning to detect neutrinos through neutrino electron scattering with an 
energy threshold as low as 100 KeV and with and angular resolution of 35 mrad. 
These two characteristics could make HELLAZ proposal adequate for improving 
the limits on neutrino properties by using artificial neutrino sources. The only 
limitation HELLAZ could have in comparison with BOREXINO is the large mass 
the last experiment is planning (100 tones vs. 6 tones) although this might be solve 
with an adequate experimental set up; for example, if it were possible to surround 
the source with the detector to get the full An neutrino source of the source, although 
in this case oscillation could not be studied. 
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Figure 1: Sr-Y spectrum 

2 Artificial Sources and Magnetic Moment 

We will consider the next sources for being the most realistic and interesting ones 
in getting results: 

• ^^Cr24 neutrino source. This is a neutrino source that has already been used 
for calibrating both SAGE and GALLEX experiments . The main neutrino 
line is Ei, = 746 KeV and the lifetime is 40 days. 

• ^^V23 This is a neutrino source that produces neutrinos with energy Ei^ = 602 
KeV. The lifetime is 1.3 years jl^ . 

• ^^^5*77162 This is a neutrino source that produces neutrinos with energy E^, = 
554 KeV. The lifetime is 1.34 years [|l|]. 

• ^"^Aris This is a neutrino source that produces neutrinos with energy i^^, = 814 
KeV. The lifetime is 35 days ||12 . 

• ^^Sr anti-neutrino source. This source has been studied in Ref. [IT^l and 



its potential for the BOREXINO case has been already discussed ||T0[- The 
neutrino energy spectrum for such a source is shown in Fig 1. The half-life is 

28 years. 

For the case of neutrino sources the detectors which are now being proposed 
would be able to measure the differential cross section for the z/gC scattering. At 
leading order in the SM this is given by 
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where T is the recoil electron energy, and E^ is the neutrino energy; gi^ = ^ + sin'^6]Y 
and gR = siri^Ow 



For the case of an anti-neutrino source the process will be z7g — e scattering and 
we just need to exchange gi with g^ in order to get the corresponding differential 
cross section. 

On the other hand the differential cross section in the case of a neutrino magnetic 
moment is 

dT ml ^T eJ ^ ' 

which adds incoherently to the weak cross section (neglecting neutrino mass). 

It is well known from this equation that for lower values of T the neutrino 
magnetic moment signal will drastically increase. This makes interesting the use 
of low threshold detectors such as the one has been proposed by the HELLAZ 
collaboration, and which could reach a threshold as low as 100 KeV. 

Besides the low energy threshold, HELLAZ will also have angular resolution. 
This could be useful not only to lower the systematic errors, but also to take ad- 
vantage of the best regions in the (6',T) plane where the non-standard effects could 
be bigger. Although the restriction to a narrow window will limit the statistics, the 
enhancement of the neutrino magnetic moment (NMM) effect may over- compensate 
and one might have an overall gain. 

In |T^ it was shown that -^ vanishes for forward electrons (which implies 



maximum recoil energy for e ) for a z/g energy given by: 

E^ = m j^^~^^ = nie/Asin^ew ^ 0.548MeV^ (3) 

This kind of cancellation only takes place when considering scattering of Ve off e~ 
Of course, to be able to study this effect, experiments capable of measuring both the 
recoil (kinetic) energy of the electron (T) and its recoil angle [9) become necessary, 
so that we can select neutrino energies Ey from a non-monochromatic source (a 
monochromatic source of v^ with E^ = nie/'^sin'^Ow would be the ideal but there 
are not monochromatic anti- neutrino sources). 

The three variables E^, T and 6 are related by the equation: 

cose= , ^ ^ ^(i + !g£) (4) 



As discussed in |]T3] the dynamical zero seems potentially interesting to measure 
/ijy since it opens a window in phase space where the weak cross section becomes 
small, so that the magnetic moment contribution could eventually become larger 



than the weak cross section. However, as discussed in [|14| in the context of reactor 



neutrino experiments, the fact that the statistics close to the dynamical zero is poor 
is, unfortunately, more important than the enhancement in da"^^/d(7^ . 

2.1 Neutrino sources 

We will consider first the case of a Cr neutrino source. As mentioned in the intro- 
duction this source has already been used for the calibration of SAGE and GALLEX 
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Figure 2: Differential cross section in terms of T for tlie SM case and for tlie neutrino 
magnetic moment contribution for two different values of /ii, in tfie case of a Cr 
source. 

experiments. We will consider the 746 KeV neutrino line that has the 81 % of the 
neutrino flux. 

For this case the differential cross section will be as given in Eq. (||) and we just 
need to substitute the corresponding value for the neutrino energy. The result is 
shown in Fig 2 both for the Standard Model case as well as for the case of a neutrino 
magnetic moment. Different values of the magnetic moment are shown. As we can 
see, for low values of T the NMM signal is of the same order of the SM one for 
/x^ ~ .6 - 1 X IO-^Vb- 

The differential cross section 



da^ da^ dT 



dcosO dT dcosO 



(5) 



can be easily obtained and it is shown in Fig. 3, where we can see a similar result: 
there is a region, for large electron recoil angle, for which the NMM signal is com- 
parable to that of the SM. The similarities of these two figures are more evident if 
one notices that the recoil angle 9 is maximum for lower T, as can be derived from 
Eq. (§. 

For other neutrino sources different that the Cr source, the shape of the plots 
shown in Fig. 2 and Fig. 3 will have a slightly change, due to the fact that the 
neutrino energy is different. However the qualitatively result will be the same. 



2.2 Anti-neutrino sources 

Now we consider the case of a ^^Sr — ^° Y anti-neutrino source. This source has 
been studied by a Moscow group fl^ and its potential has been studied for the 
BOREXINO case [0]. 

We can make a similar analysis as in the case of the neutrino sources in the 
previous section. The main difference here, beside the interchange of g^ by qr in 
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Figure 3: Differential cross section in terms of cos^ for tlie SM case and for the case 
of a neutrino magnetic moment /ij, = 8 x 10^^^ in the case of a Cr source. 
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Figure 4: T-distribution of events for the SM case and for the case of a neutrino 
magnetic moment Hi, = 6 x 10~^^ for a Sr — Y source. The angle 6 has been 
integrated over. 
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Figure 5: Angular distribution of events for the SM case and for the case of a 
neutrino magnetic moment /i^ = 6 x 10^^^. We consider a. Sr — Y source (Fig.l) 
and a threshold of Tth = lOOKeV; the recoil energy is integrated, considering the 
cuts imposed by the threshold and the kinematical limits. 



the differential cross section, is that we have an energy spectrum instead of a neutrino 
energy line. Therefore, we need integrate over the neutrino energy distribution. As 
we are interested in the angular distribution, it is more convenient to use Eq. (^ to 
make a change of variables in the integration. This has also been done in [Q. The 
result can be express as 
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or, if we are interested in the angular distribution 
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In this equations 0p. s. accounts for the allowed phase space and /(T, 6 
dn/dEi, is the neutrino energy spectrum as a function of T and 9. 

We have computed the differential cross sections da /dT and da jdcosQ for an 
anti- neutrino energy spectrum given as shown in Fig. 1, normalized to one. In the 
case of da /dT we have integrated Eq. (|^) in the whole allowed 9 range. For the 
case of the differential cross section da /dcosQ we have integrated T in the range 
.IMeV < T < 0.5MeV, the energy range to which HELLAZ could be sensitive. 
The results are shown in Fig. ^ and Fig |^ both for the Standard Model case as well 
as for the case of a neutrino magnetic moment. Different values of the magnetic 
moment are shown in these figures. The kink in the distribution in Fig. |^ is due to 
the sharp decrease in the energy spectrum for E^ > 0.5MeV (fig. 1). 

Notice that, besides there is an additional contribution to the differential cross 
section, the shape is also different from that of the standard model. In particular the 
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Figure 6: Same as in the previous figure but considering a hypothetical Sr source 
consisting only in the low energy part of the spectrum in Fig. 1 (neglecting the Y 
spectrum) . Notice that the cross sections are smaller since we have cut part of the 
spectrum; the magnetic moment contribution becomes larger that the weak term 
since we restrict the spectrum to lower energies. 

magnetic moment contribution is slightly bigger than the Standard Model one both 
for small angles and for big angles, meanwhile, in the intermediate region, the SM 
is bigger. However, the low values of the differential cross section in the small angle 
region, in comparison with other angles could make the analysis of this region more 
difficult. The case of the large angle region can be easily explained if we consider 
that, for minimum recoil electron energy the recoil angle is maximum, therefore, as 
the magnetic moment contribution increases at low T, it is natural to have a similar 
effect for large 6. 

Besides the advantages that ANS have in general, this particular source seems 
to be interesting because the energy range of the spectrum that belongs to the ^^Sr 
has a peak in an energy range that is close to the kinematical zero that has been 
already discussed in the previous section. In order to illustrate the potential of this 
energy region we show in Fig. ^ the result that would be obtained for the ideal 
hypothetical case of a pure ^^Sr without any contaminant. 

3 The NMM Signal and Recoil Angle Resolution 

We now come back to the real Sr — Y source. In this case one could try to optimise 
the best region in the 9 — T plane on which the non-standard effect is maximum. In 
order to do this analysis let us consider the curves in the (T, 9) plane given by the 
condition 
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This gives us the curves shown in Fig. 7. These are characterized by a given ratio 
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Figure 7: Curves of equal ratio C = "^^ /~|f" ^'^^ ^^ ^^^ taking fii, = 10~ /is- 
Two are the effects which increase the ratio C: for low T the magnetic moment 
contribution becomes larger; for values of T and 6 near the dynamical zero the weak 
term tends to cancel. 



of the magnetic moment differential cross section to the SM one. Therefore, for C=l 
we will get the curve where the magnetic moment signal is equal than the SM one, 
for C=2 the the magnetic moment signal is twice the SM one, and so on. The corre- 
sponding iso-curves are given in figure ^, for /x^ = 10^^°/iB. In the figures the curves 
for c = 1, 2, 4, 8, 32 are shown; of course, for different selection of magnetic moments, 
the values of c in the same figure are scaled. For instance, taking /ij, = 10~^^ fiB, the 
curves shown in Fig. 4 would correspond to c = 0.01, 0.02, 0.04, 0.08, 0.32. It is also 
important to notice that, for any couple {0,T) the neutrino energy is already fixed 
by the kinematics as can be seen from Eq. (p. 

The effect of the dynamical zero on the iso-curves can be noticed specially in the 
cases of ratios c = 32, 64, where curves surrounding the position of the dynamical 
zero appear. This effect does not appear in the case of a neutrino source as can be 
seen in Fig. ^ where similar curves are shown for the case of z/e — e scattering. 

Given that the iso-curves (Fig. |^) reflect the presence of a favoured region for 
searching for a magnetic moment, thanks to the dynamical zero, it seems interesting 
to integrate the cross section over regions in the (T, 6) plane limited by the iso-curves. 
In this way, we are optimising the region of integration to look for magnetic moment. 

Figure 9 shows the result of integrating the differential cross section given in Eq. 
(^) over T and 6 in regions such that da^"^ / da^ > C. A neutrino magnetic moment 
11^ = Q X 10~^^ fiB has been assumed. Of course, as the limiting ratio C is taken 
larger, the magnetic moment signal becomes larger than the SM one. However, 
the integral in this case is small. Note that if one integrates over the whole region 
(C=0) one can probe the complete cross section, but the value of NMM relative to 
SM decreases. Therefore it is interesting to study intermediate regions such as the 
region limited by C = 0.7, where the contribution of the neutrino magnetic moment 
is comparable with that of the weak interaction, although the statistics is a 30 % of 
the total one. 
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Figure 8: Curves of equal ratio da"^"^/da for z/g. /i 
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Figure 9: Weak and magnetic moment [fi^ = 6 x lO^^^/is) integrated cross sections; 
we integrate both over angles 6 and energies T. The region of integration is limited 
by the curves of equal ratio C ; the limiting value C is displayed in the horizontal 
axis; also, we consider a threshold for T: T > Tth = 100 KeV. Both variables {T,6) 
are also limited by the kinematics. 



4 Discussion & Conclusions 

We have discussed the potential of investigating neutrino-electron scattering as a 
probe of neutrino magnetic moment of the order fi^ ~ 10~^^/xb at low-threshold 
underground detectors with good angular and recoil electron energy resolution. We 
propose to do this using a number of artificial neutrino and anti-neutrino sources 
such as ^^Cr24 and ^^Sr — Y. The neutrino flux is known to within a one percent 
accuracy, in contrast to the reactor case and one can reach lower neutrino energies. 
For the ^^Sr — Y source we have investigated the possible role of dynamical zeros in 
improving the sensitivity to the neutrino magnetic moment, with a negative result 
due to the poor statistics in this region. However, integrating over large kinematical 
regions, we estimated that the signal expected for a neutrino magnetic moment of 
fj,u = 6 X 10~^^ fiB will be comparable to that expected in the Standard Model and 
corresponds to a 30% enhancement in the total number of expected events. In order 
provide a more reliable estimate of the sensitivities to the neutrino magnetic moment 
that can be reached in this kind of studies a dedicated experimental analysis will be 
necessary. 
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